Abstract: A surface plasmon resonance (SPR) refractive index sensing technique based on the optimal pre-and post-selection (PPS) is put forward. The intensity contrast ratio (ICR) is introduced to estimate the precision of this sensing technique. Compared with the traditional sensing techniques, our method shows that the ICR can be improved by about two orders of magnitude with optimal pre-and post-selected states. It is also proved that our sensing technique has a large tolerance for the metal film thickness and the incident angle. Remarkably, the method greatly reduces the cost of experiments, which is significant for promoting the widespread applications of SPR sensors.
Introduction
The surface plasmon resonance (SPR), firstly proposed by Nylander and Liedberg in 1982 [1] , has been widely applied to clinical diagnosis, food safety, bio-sensing and environmental detection [2] , [3] due to its advantages of high sensitivity, label-free and real-time detection. Generally, the SPR sensor is a total internal reflection device with a three-layer structure composed of the high refractive index dielectric, thin metal film and rear medium. When a light beam is reflected from the metal-dielectric interface with the appropriate incident angle and polarization state, the SPR effect will be excited. Since the reflected light is very sensitive to the refractive index of the rear medium attached to the surface of the metal film, the SPR technology is used to analyze the sample at an extremely low concentration. Recently, many techniques have been reported to further improve the precision of the SPR sensors, such as differential measurements [4] , [5] and long range SPR [6] . However, these conventional SPR sensors based on prism couplers have high precision only under the condition of the optimal resonance structures demanding careful optimization of the wavelength, incident angle and metal film thickness [7] . In addition, it is difficult to further improve the precision due to the inherent noise of the instruments. With the development of science and technology, how to improve the precision and reduce the experimental requirements has attracted a wide range of attention.
In 1988, Aharonov, Albert and Vaidman (AAV) proposed the concept of the pre-and post-selection (PPS) measurements [8] , and they pointed out that the measurement results can be amplified when the pre-and post-selected states are almost orthogonal. In 2008, Hosten and Kwiat firstly used the PPS measurements to detect the spin Hall effect of light, and achieved a precision of 0.1 nm [9] . Since then, the PPS measurements have been widely applied to precision measurements of various tiny physical parameters, such as beam shifts [10] - [12] , beam deflections [13] , optical phases [14] - [16] , magneto-optical constant [17] , chiral molecules sensor [18] and ultra-small time delays of light [19] . In addition, the unique magnification effect of the PPS measurements is beneficial to understanding some complex quantum mechanical issues and phenomena, such as three-box paradox [20] , Hardys paradox [21] - [23] , and superluminal group velocities in optical fiber [24] .
In this paper, we theoretically propose an innovative SPR sensing technique to determine the refractive index variation based on the PPS measurements, and investigate the sensing mechanism in detail. A parameter, the so-called intensity contrast ratio (ICR), is introduced to define the measurement precision. As a result, without requiring the optimal resonance structure, the ICR of the present method can be improved by about two orders of magnitude compared with the traditional SPR technology. This research may provide possibilities for the wide application of the SPR sensors.
Theoretical Analysis
First, the theoretical model is established to describe the SPR sensing system based on PPS, and the possibly corresponding setup is shown in Fig. 1 . The light source is a He-Ne laser with a wavelength of 632.8 nm. The combination of the first half-wave plate (HWP1) and Glan laser polarizer (P1) is used to adjust the intensity of the incident light and to avoid the saturation of the charge-coupled device (CCD). The P1 plays the role of the pre-selection, thus the polarization state of the incident light is given by
where α is the angle between the axis of the P1 and horizontal direction. Subsequently, the light beam is reflected from the glass-film-sample interface at an appropriate incident angle where the SPR effect takes place. The polarization state of the reflected light can be given by
where R p ,s is the Fresnel reflection coefficient for the horizontal and vertical polarization components. Here, it is necessary to determine the general Fresnel reflection coefficient of the SPR model, which can be expressed as [25] 
where r p ,s and r p ,s denote the corresponding Fresnel reflection coefficients at the glass-film and film-sample interfaces, respectively. n 1 and n 2 represent the refractive indices of the glass and metal film, respectively. The refractive index of the sample (n 3 ) is included in r p ,s . k 0 , θ and d represent the wave number in free space, incident angle and thickness of the metal film, respectively. The r p and r s should be derived using the first order Taylor's expansion based on the arbitrary angular spectrum component
The reflection coefficient R p ,s is usually a complex number. Consider a tiny refractive index variation of the sample, the amplitude and the phase of the horizontal polarization component R p will both change. However, the vertical polarization component R s will be basically remain unchanged. The relative phase and amplitude differences of the horizontal and vertical polarization components correspond to the weak coupling in the WVA formalism. Then, the light passes through a pair of quarter-wave plates (QWP1 and QWP2), a half-wave plate (HWP2) and a Glan laser polarizer (P2), which can jointly determine the post-selected state. The post-selection is given by
Here, the combination of the QWPs and HWP2 is used to introduce an arbitrary phase δ for the adjustment of the relative phase difference between the horizontal and vertical polarization components caused by reflection. β is the post-selected angle controlled by P2. The intensity of the post-selected light detected by CCD can be expressed as
where φ p ,s denotes the phase of the generalized Fresnel reflection coefficient. With a tiny refractive index variation of the sample, the post-selected intensity changes accordingly. In order to elaborate the advantages of the PPS amplification, the ICR is given by assuming a small refractive index change of the sample,
which is the ratio of the intensity variation of the post-selected light ( I = I − I 0 ) to the initial post-selected intensity (I 0 ). In our method, the noise mainly comes from the relative intensity noise [26] , such as power fluctuation of light source, which is proportional to the intensity of the post-selected light. Therefore, to a certain extent, ICR can be regarded as the ratio of the detected signal induced by the refractive index changes to the background noise. A higher ICR indicates a bigger signal and smaller noises, and further suggests a higher precision. Figure 2 shows the ICR of the PPS-SPR sensing system for various post-selected phases and angles. Here, the metal film is set to be gold with a thickness of 40 nm. The initial refractive index of the sample is 1.33 RI U (ultra-pure water) and the refractive index variation is 5 × 10 −4 RI U . The refractive index of the glass prism is 1.515 RI U . The incident angle is chosen as the resonant angle. In addition, in order to induce a strong interference between the horizontal and vertical polarizations to obtain an amplified detected signal by post-selection, α should be chosen to make the horizontal component of the reflected light equal to the vertical one. Therefore, the suitable polarization angle α of the incident light is chosen as 13.25
Results and Discussion
• . As shown in Fig. 2 , the maximal ICR indicated by the red area represents the optimal post-selected condition.
Under the conditions of the different gold film thicknesses (non-optimal thickness and optimal thickness) and incident angles (resonant angle and non-resonant angle), we theoretically analyze the variations of the intensities and ICRs for the PPS-SPR and conventional SPR sensing systems. For the PPS-SPR sensing system, the incident polarization states and the post-selected parameters are all chosen as the optimal values based on the ICR analyses above. For the conventional SPR sensing system, the polarization states of the incident light are chosen to be horizontal. Figure 3 shows the theoretical predictions for two kinds of SPR sensing systems (with or without post-selection) at a non-optimal thickness (d = 40 nm). The red and blue lines represent the PPS-SPR and the traditional SPR sensing techniques, respectively. As shown in Fig. 3(a) , the intensity of the detected light of the PPS-SPR changes rapidly with the variation of the refractive index of the sample. As we can see, the intensity of light is significantly reduced by the postselection, and therefore we could use a highly sensitive detector with low saturation intensity and electronic noise to detect it. For the traditional SPR sensing system, the intensity increases slowly, which indicates that it is difficult and infeasible to estimate the tiny changes of the signal by detector restricted by the instrument noise. However, the post-selected intensity of the PPS-SPR sensing is easy to be detected, which indicates that PPS-SPR sensing is useful in measuring smaller refractive index changes with higher measurement precision. The corresponding ICRs are obtained shown in Figs. 3(b) and 3(d) , which are notably two orders of magnitude higher than those of the traditional SPR sensor. Further analyses are in the case of the non-resonant angle. Compared with traditional methods, the intensity and the corresponding ICR of the PPS-SPR are more sensitive to the refractive index change, see Figs. 3(c) and 3(d). It is interesting that the results are similar to the case of the resonant angle, which shows that the sensitivity in the two cases to the refractive index change are similar and indicates that our method is robust to the incident angle.
In addition, under the conditions of the optimal thickness 46 nm and the resonant angle, the theoretical results of the ICRs are presented in Fig. 4(a) . We can see that the red and blue lines have the similar variation trend, indicating that the traditional SPR sensing has very high sensitivity under the optimal resonance structure. For the conventional SPR sensing system, the optimal resonance structure provides a built-in post-selection, but the ICR of this built-in post-selection system will quickly reduce with the incident angle or gold film thickness slightly deviating from the optimal value, see blue lines in Figs. 4(b) and 4(c) . Therefore, the strict requirements for the resonant structure of this kind of system will increase the cost and operational difficulty. By contrast, there is no such limitation to the PPS-SPR technology. By choosing the appropriate postselection states, we could always obtain the similar ICR and good precision, see the red lines in Fig. 4 . The results show that the high ICR and precision can still be achieved while choosing a poor thickness of metal film or a non-resonant incident angle based on the optimal pre-and post-selected states. 
Conclusions
In conclusion, we have proposed a new SPR sensing technique with intensity detection based on PPS scheme. The theoretical results show that the ICR of this method can be about two orders of magnitude higher than that of the conventional SPR sensor. In addition, our method has a large tolerance for the metal film thickness and the incident angle. This technique may be of great significance to promote the widespread applications of the SPR sensors.
